We report chemical vapor deposition growth of SiGeC layers on ͗100͘ Si substrates. At the growth temperature of 550°C, the C concentration as high as 2% can be incorporated into SiGe ͑Ge content ϳ 25%͒ to form single crystalline random alloys by using low flow of methylsilane ͑0.25 sccm͒ as a C precursor added in a dichlorosilane and germane mixture. For intermediate methylsilane flow ͑0.5 sccm -1.5 sccm͒, the Fourier transform infrared spectroscopy ͑FTIR͒ absorption spectra indicate the growth of amorphous layers. For the layers with high flow of methylsilane ͑12 sccm͒, there are silicon-carbide-like peaks in the FTIR spectra, indicating silicon carbide precipitation. The films were also characterized by x-ray diffraction, high resolution transmission electron microscopy, secondary ion mass spectroscopy, and Rutherford backscattering spectroscopy to confirm crystallinity and constituent fractions. The defect-free band-edge photoluminescence at both 30 K and 77 K was observed in Si/SiGeC/Si quantum wells, even at power densities as low as 0.5 W/ cm 2 and 1 W/cm 2 , respectively. Deep photoluminescence around 0.8 eV and luminescence due to D 3 dislocations at 0.94 eV were not observed under any excitation conditions.
I. INTRODUCTION
There has been remarkable progress in recent years in Si/SiGe technology, with heterojunction bipolar transistor ͑HBT͒ performance of f T ͑cutoff frequency͒ and f max ͑maxi-mum frequency of oscillation͒ of 117 GHz 1 and 160 GHz, 2 respectively, having been reported. Further applications of the material system are limited, however, by the critical thickness constraints of strained layers. To overcome this limitation, the incorporation of carbon into random Si 1Ϫx Ge x has attracted great interest. Because the lattice constant of cubic carbon ͑diamond͒ is 52 % smaller than that of Si, 3 the substitutional incorporation of C can compensate the compressive strain of SiGe on Si and can increase the thickness of pseudomorphic SiGe layers on Si. 4 On the other hand, the C incorporation may also have an effect on the material quality of new SiGeC layers, because of interstitial C incorporation and silicon carbide precipitation. We have therefore investigated the incorporation of C into SiGe layers on Si substrates to form such SiGeC random alloys. We report the growth and characterization of such single crystalline SiGeC random alloys.
The main challenge in fabricating such alloys is to incorporate C atoms in substitutional sites instead of forming the thermodynamically favored precipitates of SiC. Several techniques have been reported to fabricate SiGeC alloys. Eberl et al. 3 used molecular beam epitaxy ͑MBE͒ to grow SiGeC at the temperature of 400-550°C. Im et al. 5 used solid phase epitaxy to grow SiGeC at 800°C following implantation of C and Ge into Si. However, no optical results and very limited electric results 6 have been obtained from the alloys grown by these two techniques. Our group 7 and others 8 have observed band-edge photoluminescence ͑PL͒ in films grown by rapid thermal chemical vapor deposition ͑RTCVD͒, but only at pump power levels of у 25 W/cm 2 , and often defect levels were also observed. 8 In this paper, we report the observation of defect-free band-edge photoluminescence at a power density as low as 1 W/cm 2 . This indicates a very low nonradiative impurity density in our SiGeC films.
II. GROWTH AND STRUCTURAL MEASUREMENTS
All samples reported in this paper were grown on 100-mm ͑100͒ Si wafers by RTCVD. The SiGeC layers were grown at 550°C using methylsilane as C source. The growth temperature was measured on all samples by infrared transmission. 9 The growth pressure was 6 Torr. The gas flows were 3 standard liters per minute ͑slpm͒ for a hydrogen carrier, 26 sccm for dichlorosilane, and 0.8 sccm for germane. This yields SiGe layers with a nominal Ge fraction of 0.25. The details of the RTCVD reactor can be found in Ref. 9 .
a͒ As small amounts of methylsilane were added to the source gases, we observed a shift in the ͑400͒ x-ray diffraction peak of the resulting 400 Å Si 1ϪxϪy Ge x C y layers away from that of a similar layer without C ͑Fig. 1͒. The largest shift (⌬ of 1800Ϯ200 arcsec͒ was observed for a methylsilane flow of 0.25 sccm ͓Fig. 1͑c͔͒. Assuming a compensation ratio of 1% C to 8% Ge, 4 this corresponds to 2Ϯ0.2% C. The broadening of the diffraction peaks with FWHM of ϳ400 arcsec was due to the thin layers ͑400 Å) and was close to the estimated value of 430 arcsec using the Scherrer formula. 10 Growth rate with no methylsilane flow was 4 Å/min. Methylsilane flow had little effect on growth rate at these flow rates. The SIMS ͑secondary ion mass spectroscopy͒ profile of the same sample also confirmed a C concentration of 2% ͑Fig. 2͒ with flat C and Ge profiles. The SIMS also revealed that the Ge fraction was not substantially changing as C was introduced so that the change of x-ray diffraction was not due to a reduction in the Ge content. Fig.  3 shows the estimated C concentration vs methylsilane flow. Further increase of the methylsilane flow to 0.5 sccm yielded layers with no extra crystalline peaks ͓Fig. 1͑d͔͒, indicating possible growth of amorphous layers. Note that the sample with 0.5 sccm methylsilane flow was also extensively studied by XRD for the value from 0 to ϩ3600 arcsec ͑not shown here͒, but no diffraction peak was observed. However, it is still possible that the SiGeC peak was hidden under the ͑400͒ Si peak. To study the material structure of the SiGeC layers formed with high methylsilane flow, the FTIR ͑Fourier transform infrared spectroscopy͒ absorption measurements were performed. Three distinct types of FTIR spectra ͑Fig. 4͒ were observed, depending on the methylsilane flow. At low flow ͑0.25 sccm͒, the FTIR ͓Fig. 4͑a͔͒ showed a sharp absorption peak at 600 cm
Ϫ1
, which is characteristic of vibration frequency of substitutional C in Si.
11 This is consistent with the x-ray diffraction results, indicating a single crystalline layer. At intermediate flow ͑1.5 sccm͒, a broad peak from 600 cm Ϫ1 to 840 cm Ϫ1 was observed ͓Fig. 4͑b͔͒, very similar to the absorption spectrum of amorphous silicon carbide. 12 This is again consistent with x-ray diffraction results that no diffraction peak was observed for samples with similar methysilane flow. At high flow ͑12 sccm͒, there were two new absorption peaks around 800 cm Ϫ1 and 960 cm Ϫ1 ͓Fig. 4͑c͔͒. These are consistent with the TO and LO phonon vibrations, respectively, of various silicon carbide polytypes. 13, 14 This indicates the possible formation of polycrystalline SiC precipitates. The ϳ2% substitutional C obtained in SiGe using low temperature CVD with methylsilane in this work is consistent with the limit observed by other groups using similar techniques. 15 Two Si/Si 1ϪxϪy Ge x C y /Si quantum well samples ͑well thickness ϳ 60 Å) were grown for PL measurement, with yϭ0 ͑no methysilane, sample 1604͒ as a control sample and with yϭ0.003 ͑sample 1607͒. Because the methylsilane flow for 1607 was very small ͑less than 0.1 sccm͒ and not repeat- able with our mass flow controller, an exact methylsilane flow cannot be reported. The thicknesses of these two quantum wells were measured by high resolution transmission electron microscopy ͑HRTEM͒ in cross-sectional configuration. Neither samples showed evidence of SiC precipitates or other defects in plan view or cross section. Fig. 5 shows the cross-sectional HRTEM image of the SiGeC quantum well. The interfaces were not atomically abrupt, yielding a thickness variation in both wells of about 10%. Using this thickness and the integrated atomic areal density of Ge (with Ϯ 5% error bar͒ from Rutherford backscattering spectroscopy ͑RBS͒, the Ge contents in the quantum wells were obtained: xϭ0.25Ϯ0.04 ͑1602͒ and xϭ0.27 Ϯ0.04 ͑1607͒ were found. Calibrated secondary ion mass spectroscopy ͑SIMS͒ was used to measure the C concentration and SIMS profiles are presented in Fig. 6 . After subtracting the background from the surface peak, a C concentration of 0.3% was found for sample 1607. The Si 1ϪxϪy Ge x C y layers were capped with ϳ 50 Å of silicon grown at 550°C using 2 sccm silane and 3 slpm of hydrogen. Previous experiments on SiGe samples in our lab have shown that a Si cap increases the photoluminescence intensity by over an order of magnitude, presumably due to a decrease in surface recombination. 16 
III. PHOTOLUMINESCENCE
Photoluminescence ͑PL͒ measurements were performed with an Ar ϩ ion laser and a liquid N 2 cooled Ge detector. At a sample temperature of 77 K and a pump power density of 0.5-5 W/cm 2 , the PL spectra of the Si/SiGeC/Si and Si/SiGe/Si quantum wells were qualitatively similar ͑Fig. 7͒. The PL appears consistent with emission from the band-edge recombination of electron-hole plasma. 17, 18 In Ref. 17 , the expression of electron-hole plasma recombination gives an excellent fit to the line shapes. Other than the Si peak at 1.10 eV, the strongest peak is the no-phonon ͑NP͒ transition due to the lattice disorder ͑alloy fluctuations and interface roughness͒, which relaxes the momentum conservation requirement. The peak on the low energy side of the NP line is the overlap of the transverse optical ͑TO͒ phonon replicas. Note that the peak at 1.04 eV of SiGeC PL spectra is the twophonon replica of bound exciton emission ͑one TO to conserve the momentum, and the other TO at ⌫ point͒ from Si. 19 In the previous report of band-edge PL in Si 1ϪxϪy Ge x C y layers ͑with xϭ0.15 and yϭ0.005͒, 8 at a pump power density of ϳ1 W/cm 2 range, no band-edge PL was observed, and only a deep PL near 800 meV was seen. At a pump power density of ϳ 25 W/cm 2 , band-edge PL was observed, but defect luminescence ͑the D 3 dislocation line͒ was also seen, suggesting some defects and strain relaxation in the samples. We observed band-edge luminescence already at a pump density of 0.5-5 W/cm 2 , and deep luminescence or dislocation lines were not observed under any conditions. In other samples grown at 575°C, our group has previously reported defect-free luminescence, but only at much higher pump power(ϳ 50 W/cm 2 ) than those used here. This is the first time that such defect-free band-edge luminescence in SiGeC layers at such low pump power has been reported and indicates the high quality and lack of non-radiative recombination traps in the samples.
More complete measurements were made at 30 K at power densities from 0.5 to 10 W/cm 2 to examine the effect of power densities on bandgap. The spectra ͑Fig. 8͒ are similar to those at 77 K, with no deep transitions or D-lines under any excitation conditions. No PL was observed at 4 K for these samples grown at 550°C, however. Note that PL down to 2 K was observed for the SiGeC samples grown at 575°C.
7 From 1 to 10 W/cm 2 , peak energies of both samples show similar power dependence and SiGeC quantum wells have a lower bandgap than SiGe quantum wells ͑Fig. 9͒. The blueshift of NP peak with increasing power density is due to the band-filling effect. 17 Because of the large uncertainty in Ge content from sample to sample and in the quantum well width, the cause for the lower bandgap in the 0.3% C sample can not be ascribed to the C incorporation. Other work by our group and others shows the effect of initial C incorporation on band-edge PL is to raise the peak position by 21 meV/% C. 7, 8 The theoretical predictions of the effect of small C incorporation on relaxed Si 1ϪxϪy Ge x C y and Si 1Ϫx C x bandgap vary from ϩ18 meV/% C 20 to Ϫ100 meV/ % C. 21 Because of the strain in the SiGeC wells, these values cannot be compared directly to experimental results. Details can be found in Ref. 7 .
The linewidth ͑FWHM͒ of the NP peaks was 35 meV at 77 K for the 0.3% C sample, similar to the SiGe samples in our lab grown at 625°C. The broadening may be due to the band filling and thermal broadening. 17 The linewidth of 0.3% C sample became narrower at low pump power than at high pump power at 30 K spectra. At the same pump power, the 0.3% C sample had consistently a slightly wider linewidth (ϳ 5 meV wider͒ than the control sample. The quantitative model of the linewidth is still not well understood.
IV. CONCLUSIONS
We have reported band-edge photoluminescence without defect lines in Si 1ϪxϪy Ge x C y layers at a power density as low as ϳ 1 W/cm 2 . Substitutional carbon concentrations as high as 2% have been incorporated into SiGe to form single crystalline random alloys by using low flow of methylsilane ͑0.25 sccm͒. For the intermediate flow of methylsilane ͑0.5-1.5 sccm͒, an amorphous layer was formed. At a flow of 12 sccm methylsilane, silicon carbide precipitates were observed. We also observed band-edge photoluminescence without defect lines in a Si/Si 0.73 Ge 0.27 C 0.003 /Si quantum well at a power density as low as ϳ1 W/cm 2 , the lowest power density reported so far, indicating the high quality of the SiGeC samples.
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